Introduction
Human adenoviruses (Ads), which belong to the mammalian adenovirus genus, Mastadenovirus, are commonly encountered infectious agents. In humans, Ads are associated with a multitude of clinical symptoms encompassing upper and lower respiratory tract infections, gastroenteritis, hemorrhagic cystitis and ocular diseases such as conjunctivitis and epidemic keratoconjunctivitis (EKC). 1 Ads are ubiquitous in nature and new types are continuing to be discovered. 2, 3 Since the isolation of the first Ads about 60 years ago, 4, 5 over 60 types that are grouped into seven species (A-G) have been identified. Ad infections are usually self-limited in immunocompetent patients while they can become a serious life-threatening disease in immunocompromised individuals. 6, 7 To date, there are no specific antiviral drugs available for the treatment of Ad infections. 8 Ads are obligate intracellular pathogens that are fully dependent on the cellular replication machinery. The selective inhibition of Ad replication by antiviral compounds is therefore difficult to achieve as some of the essential functions of the host cells may also be altered. The acyclic nucleoside analogue cidofovir has been shown effective against EKC-causing Ads. Unfortunately, nephrotoxicity and lacrimal canalicular blockage have been reported after systemic administration. 1, 8 An alternative approach to the intracellular activity of nucleoside analogues is to block the initial interaction between the virus and host cell and thereby block cell attachment and subsequent entry. 9 EKC is a severe and highly contagious ocular infection that is contracted by millions of individuals every year. Among the Ad types responsible for EKC, Ad8, Ad19 and Ad37 remain the principal causative agents of the infection; 10 however, new is frequent in densely populated areas and in medical wards with insufficient hygiene precautions. The infection commonly lasts for up to two weeks; however, some patients continue to suffer from sight impairment for several months, years or even permanently. Whereas other non-EKC causing Ads use CD46 and coxsackie-adenovirus receptor (CAR) as receptors, 15 EKCcausing Ads bind via their homotrimeric fiber knobs to sialic acid-containing glycans that are situated on epithelial cells in the cornea and/or conjunctiva. 16 The fiber knobs of EKCcausing Ads are located at the most distal part of each of the 12 fibers that protrude from the icosahedral virion. The knobs are highly homologous and the critical sialic acid-interacting residues are thus conserved within the different types of an Ad species. 17 Consequently, substances targeting a single type also have the potential to prevent cell attachment by the other types. Recently, glycoproteins with glycans corresponding to the carbohydrate portion of the GD1a gangliosides were shown to function as receptors for the infection of ocular cells by EKC-causing Ads. 17 The crystal structure of the Ad37-GD1a complex showed that the terminal sialic acid residues, located on each of the two branches of the GD1a glycan, are accommodated into two out of three carbohydrate recognition sites on top of the Ad37 fiber knob. Thus, inhibition of Ads with natural or synthetic sialic acid derivatives may prevent the virion to attach to, penetrate into and infect new cells. As a result, the infection and its spread would become limited. Importantly and especially in the case of EKC, the poor pharmacologic properties of carbohydrate-based drugs that include rapid serum clearance and poor cellular uptake obtained after systemic administration can be bypassed by the use of a topical mode of administration (e.g. cream, ointment, eye drops) and extracellular targeting of the virus particles. Efficient sialic acid-based inhibitors of Ad37 infection of human corneal epithelial (HCE) cells have been recently reported. [18] [19] [20] [21] In order to circumvent the relatively low efficacy of monovalent sialic acid derivatives, the authors took advantage of the trimeric binding site at the Ad37 fiber knob. The use of multivalent sialic acid derivatives or glycoconjugates that can simultaneously bind to several carbohydrate recognition domains per knob considerably improved the inhibitory potency in comparison to the sialic acid monosaccharide. For instance, ME0322 21 ( Fig. 1a) , a synthetic trivalent sialic acid derivative was reported as four orders of magnitude more potent than the natural sialic acid monosaccharide. Other successful reports of trivalent glycosides include, for example, the synthesis of glycoclusters targeting the hepatic asialoglycoprotein receptor.
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Herein, we report on the design, synthesis and evaluation of new potent trivalent sialic acid inhibitors of Ad37 infection of HCE cells where the trivalent scaffolds were conveniently accessed by "click" chemistry. We probed the beneficial effect of a more compact linker and the influence of a small modification at the N-acetyl moiety on efficacy. Finally, the analysis of the respective crystal structures allowed us to confirm that the trivalent binding mode is engaged by all the inhibitors to the fiber knob as well as to reason on the potency differences.
Results and discussion
Design strategy for the first-generation triazole linker-based compounds
The design of new trivalent sialic acid conjugates was based on the structural features of ME0322 (Fig. 1) . Thus, the com- pounds were composed of three key building blocks: the core fragment that is necessary for the construction of a trivalent network; the sialic acid residue that is required for the binding to the carbohydrate recognition sites at the Ad37 fiber knob and the linker that is connecting the sialic acid residues to the core fragment. The tertiary amino scaffold that constituted the core fragment in ME0322 and the sialic acid residues that are crucial for the interactions with the target protein were conserved in the new ligands. Contrarily, the linker, which could not be visualized in the crystal structure of ME0322 in complex with the Ad37 fiber knob 21 likely due to flexibility and lack of interactions with the protein, was revised. The design efforts were initially focused on both, shortening the original linker with the idea to bring the core fragment closer to the receptor and, introducing a heteroaromatic ring moiety to possibly create new contacts with the fiber knob (Fig. 1b) . After analysis of the commercial availability of functionalized tertiary amino building blocks (core fragment) and robust chemical reactions that allow a rapid access to multivalent sialic acid containing structures our choice was triazole-based linkers. [25] [26] [27] [28] [29] [30] Two linker lengths were investigated to probe an eventual size effect on the potency. In addition to trivalent sialic acid compounds 11a and 11b, their corresponding N-acetyl modified analogues 12a and 12b were also included in this series (Fig. 1b) . Thus, we aimed to further investigate the hydrophobic pocket to which the N-acetyl group of the sialic acid is directed in the Ad37-ME0322 complex. 21 Previous studies on a set of multivalent human serum albumin (HSA) conjugates highlighted a detrimental effect of an increased lipophilicity at the N-acetyl group of the sialic acid on the compound potency, although crystallographic investigations suggested that these modifications should readily fit in the hydrophobic fiber knob pocket that accommodate the sialic acid N-acetyl group. 31 This loss in potency could eventually be scaffold-and/or linker-dependent as suggested by a better tolerance of an increased lipophilicity during the evaluation of their corresponding monovalent analogues. Therefore, the effect of such modifications on trivalent sialic acid derivatives that have a linker especially designed to better accommodate into the fiber knob cellular receptor should clarify the scaffold-and linker-dependence hypothesis.
Synthesis of the first-generation triazole linker-based compounds
The route to unmodified N-acyl trivalent sialic acids 11a and 11b proved straightforward and could be achieved in eight steps from commercially available chemicals or in five steps from key intermediate 1 (Scheme 1). The synthesis of the sialic acid thiophenyl derivative 1, readily prepared from sialic acid, was performed according to published procedures. 32 Sialosides 3a and 3b were then accessed in good conversion by glycosylation of 2-bromoethanol and 3-bromopropan-1-ol respectively, with compound 1. The reactions yielded inseparable mixtures of anomers together with the resulting elimination product that was not further purified at this stage. Bromo derivatives 3a and 3b were readily converted to their azido analogues 5a and 5b. Subsequent O-deacylation using standard Zemplèn conditions afforded anomerically pure 7a and 7b in 40% and 58% yields, respectively, over three steps. Then, compounds 7a and 7b were reacted with tripropargylamine in a copper-catalyzed azide-alkyne cycloaddition reaction ("click" reaction). Thus, methyl esters 9a and 9b were obtained in 51% and 45% yields, respectively. Subsequent saponification provided the final target compounds 11a and 11b in 76% and 41% yields, respectively. The route to N-acyl modified trivalent sialic acids 12a and 12b proved somewhat more challenging. The target compounds could be reached in 13 steps from commercially available sialic acid or in five steps from key intermediate 2 (Scheme 1). The synthesis of compound 2 was performed according to published procedures. 31 The following steps were analogous to the above-described synthetic route to compounds 11a and 11b. Thus, the successive glycosylation, azide formation and O-deacylation reactions afforded anomerically pure product 8a and 8b in 46% and 55% yields over three steps, respectively. Subsequent "click" reactions provided the trivalent compounds 10a and 10b in 50% and 34% yields, respectively. Finally, saponification of the methyl esters gave the target products 12a and 12b in good yields.
Biological evaluation of the first-generation triazole linkerbased compounds
Cell-binding assays using 35 S-labeled virions were performed to investigate the efficiency of compounds 11a, 11b, 12a and 12b to prevent the attachment of Ad37 virions to HCE cells (Fig. 2a) . The assays were carried out essentially as previously described but with minor modifications 16, 33 and, ME0322, sialic acid and GD1a glycan were used as reference compounds. 17, 21 In brief, 35 S-labeled Ad37 virions were mixed with or without the trivalent sialic acid derivatives, GD1a glycan and sialic acid at various concentrations. The mixtures were incubated with HCE cells and unbound virions were then washed away. Finally, the cell-associated radioactivity was measured by using a scintillation counter. The attachment of Ad37 virions to HCE cells was dramatically hindered in the presence of the triazole linker-based compounds (Fig. 2a) . Indeed, the new trivalent sialic acid derivatives were considerably more potent than the sialic acid monosaccharide (IC 50 = 1.2 mM) and bivalent GD1a glycan (IC 50 = 90.8 μM). Compounds 11a and 11b were found as the most efficient compounds to prevent Ad37 virions from HCE cells attachment with IC 50 values of 107 nM and 40 nM, respectively. The previously described compound, ME0322, proved to be less potent (IC 50 = 3.2 μM). The N-acyl modified derivatives 12a and 12b completed the series with IC 50 values of 4.5 μM and 23.4 μM, respectively.
A correlation between the linker length and the ligand potency could not be demonstrated. Thus, reduction of the linker size in the N-acetyl series (11a vs. 11b) resulted in a 2.7 times decrease in binding potency. Contrarily, the same transformation in the N-acyl modified series (12a vs. 12b) proved 5.2 times more beneficial. These results suggest that some degree of variation of the linker length is tolerated. However, increasing the lipophilicity of the ligands at the N-acyl moiety was clearly not beneficial to the binding to Ad37 virions (11a vs. 12a and 11b vs. 12b). Even though these data are in agreement with previous investigations; 31 herein, the drop in potency is not as pronounced. Indeed, while N-acyl modified multivalent HSA conjugates were very poorly effective, compounds 12a and 12b prevent the attachment of Ad37 virions to HCE cells rather efficiently. Therefore, the loss in binding potency cannot only be attributed to an increased lipophilicity and/or bulkiness at the N-acyl moiety and, the nature of the multivalent scaffold is most likely to play an important role. Infection experiments were then performed to further evaluate our set of compounds (Fig. 2b) . The assays were carried out essentially as previously described but with minor modifications. 16, 33 In brief, unlabeled virions were mixed with or without the trivalent sialic acid derivatives, GD1a glycan or sialic acid at various concentrations. These mixtures were then added to HCE cells and incubated at +4°C. Unbound virions were washed away, the resulting mixtures were incubated at +37°C and a synchronized infection -all virions enter the cells simultaneously -was then obtained. After 44 h of infection, the cells were rinsed, fixed, incubated with rabbit polyclonal anti-Ad37 antibodies (that recognize viral capsid proteins) prior to being washed and stained. Finally, the cells were washed and the number of infected cells was quantified by immunofluorescence microscopy. Hence, the trends from the cell-binding assays were confirmed in the infection experiments ( Fig. 2a and b) . Compounds 11a and 11b prevented infection of HCE cells by Ad37 virions most efficiently with IC 50 values of 172 nM and 54 nM, respectively. The half maximal inhibitory concentration of ME0322 that had previously been estimated to 380 nM 21 was herein calculated to 408 nM. Compounds 12a and 12b were evaluated as the least potent trivalent sialic acid derivatives with IC 50 values of 12.4 μM and 6.7 µM, respectively. The GD1a glycan (IC 50 = 25.1 μM) and sialic acid (IC 50 = 536 μM) completed the series.
Design strategy for the second-generation triazole linker-based compounds
A second round of linker engineering (Fig. 1c) , where the connecting "click" strategy was reversed with respect to the first generation of ligands (Fig. 1b) , was performed. The linker lengths of 11a and 11b were preserved in compounds 17a and 17b, respectively; however, the triazole ring was moved closer to the sialic acid residues. Therefore, we could not only investigate the influence of the triazole ring orientation but also probe if additional interactions with the fiber knob could be achieved.
Synthesis of the second-generation triazole linker-based compounds
Compounds 17a and 17b were prepared in four steps from key intermediate 1 (Scheme 2). The synthesis of anomerically pure sialosides 14a and 14b (48% and 31% yields over two steps, respectively) followed the above-described glycosylation and O-deacylation procedures, albeit the use of the appropriate alcohol derivatives in the first step. Compounds 14a and 14b were then reacted with tris (2-azidoethyl)amine (15) in a "click" reaction. The core building block 15 was synthesized in two steps from commercially available triethanolamine. First, tris (2-chloroethyl)amine was obtained according to published procedure 34 and the chloro derivative was then readily converted to its azido analogue 15. Compound 15 was judged as potentially explosive and was therefore kept in solution at all times. The methyl esters 16a and 16b were obtained in 76%
and 53% yields, respectively. Subsequent saponification provided the final target compounds 17a and 17b in quantitative and 88% yields, respectively.
Biological evaluation of the second-generation triazole linkerbased compounds
The compounds were subsequently investigated in cellbinding assays (Fig. 3a) . The linker optimization strategy proved successful and a 76 times increase in potency was observed for 17a (IC 50 = 1.4 nM) with respect to 11a. Contrarily, 17b (IC 50 = 376 nM) was evaluated about 9 times less efficient than 11b to prevent the attachment of Ad37 virions to HCE cells and 17a was over two orders of magnitude more potent than 17b. These results contrast our earlier observations where a clear effect of the linker length on the ligand potency could not be evidenced. A tentative explanation for the potency of 17a could be that the position of the triazole ring adjacent to the sialic acid residue might result in additional interactions with the fiber knob. These potentially favorable contacts would be harder to achieve for 11a, 17b and 11b, where the triazole ring is situated further away from the sialic acid residue by one or two methylene groups, respectively. The reasons for the relatively low efficiency of 17b in comparison to 11a and 11b to prevent Ad37 virions attachment to HCE cells however remain unclear. Compounds 17a and 17b were then subjected to cell-infection assays. The results were in agreement with the cellbinding assays and 17a (IC 50 = 2.9 nM) was confirmed as the best inhibitor against Ad37 infection to HCE cells. Interestingly, the optimization strategy entirely based on the linker redesign provided an inhibitor over 140 times more potent than the initial lead compound (17a vs. ME0322). Compound 17b also proved efficient against Ad37 infection to HCE cells, despite a relatively low potency in relation to 17a.
Surface plasmon resonance (SPR) experiments of selected trivalent inhibitors
Finally, 11a, 11b, 17a, 17b and ME0322 were investigated in surface plasmon resonance (SPR) experiments and their respective binding affinities (K D ) for immobilized Ad37 fiber knobs were determined (see Experimental section for further details). Due to the fast on and off rates, the association and dissociation constants could not be determined. SPR data corroborated well the trends from both cell-binding and cell-infection assays and the five compounds proved to interact with the Ad37 fiber knob. Thus, 17a (K D = 10.3 ± 1.4 μM, n = 3) was confirmed to best interact with the Ad37 fiber knob, followed by 11b (K D = 72.8 ± 3.3 μM, n = 3), 11a (K D = 78.6 ± 2.7 μM, n = 3), ME0322 (K D = 135.4 ± 17.9 μM, n = 3) and 17b (K D = 163.4 ± 12.3 μM, n = 3) (see ESI † for SPR curve tracing). It is also worth noting the influence of the Ad37 fiber knob construct on the K D values. Indeed, while histidine-free fiber knobs were used during our assays, histidine-tagged proteins were previously utilized thus providing a different K D value for ME0322 (K D value previously evaluated at 14 μM). 21 This clearly underlines the need of an internal reference during the SPR experiments.
Crystallography
Crystal structures of Ad37 in complex with our new trivalent sialic acid conjugates were obtained by soaking (using 2 mM 12a) or co-crystallization (for 11a, 11b, 12b, 17a and 17b) using previously reported methods. § 17, 21 In all complex structures (Fig. 4, S11 and Table S2 †), electron density for the entire conjugate was visible thus allowing for unambiguous placement of the ligands. A simultaneous binding of the three sialic acid residues from a single ligand to the same fiber knob was evidenced, and most sialic acid/Ad37 contacts observed in previous complexes 17, 21, 35 were retained within the different complex structures ( Fig. 4 and S12 †). Lys345, Pro317 and Tyr312 were confirmed as key contributors to ligand binding and directly interact with the sialic acid moiety, whereas the Ser344/sialic acid contact occurs via water-mediated hydrogen bonds. Additional interactions from the linker and/or core fragment with the fiber knob could however not be observed and the conformations and flexibility of the linker varied significantly from one Ad37-ligand complex to another (Fig. 4 and 5a) . Although the hypothesis of favorable direct interactions between the triazole ring of 17a and the fiber knob protein could thus not be verified, there may still exist long-range electrostatic interactions that favor binding. However, the analysis of the Ad37-17b complex highlighted an additional internal order of 17b that could eventually explain its lower potency. Indeed, in the complex the sialic acid residues of 17b were rotated sideward and the linker formed a bell-like shape, possibly due to a staggered arrangement of the triazole rings ( Fig. 4f and magenta structure in Fig. 5a ). This ordered and more compact conformation could then directly affect the potency of the ligand. Crystal structures of the N-acyl modified compounds 12a and 12b showed an overall binding mode similar to their corresponding unmodified N-acyl analogues (Fig. 4a-d,  respectively) . Moving the analysis to the sialic acid binding site, the Ad37-12a and Ad37-12b complexes provided important information (Fig. 5b and c, respectively) . The additional methyl group in 12a and 12b that is oriented away from Tyr308 and Val322 pushes the entire ligand slightly upwards. This unfavorable interaction most likely causes the drop in inhibitory potency for the N-acyl modified series of compounds.
Ophthalmic toxicity of compound 17a in rabbit
To examine if the most potent compound (17a) can be used for topical treatments of eye infections, ophthalmic toxicity was studied in rabbits. Six male New Zealand white rabbits were divided into two groups of three and to each eye 40 µL of 1 mg mL −1 of 17a in 0.9% aq. NaCl or vehicle alone was administered topically. In total, each eye received 48 administrations over a period of seven days. Before the first administration, day 2, and at day 8 the animals were subjected to body weight recordings, slit lamp examinations, intraocular pressure, and pachymetry measurements under local anesthesia. The variations in body weights noted are common among rabbits and are probably not related to the treatment. The data showed that intraocular pressures and corneal thicknesses were within normal limits throughout the study period. The results of the slit lamp examinations show that all eyes were of normal status before start of the study. At the examinations at days 2 and 8 no signs of influence of the test or control items were noted on the cornea, the depth of the anterior chamber, the iris or the lens. No signs of irritation of the test or control item on surrounding tissues were noted. We conclude that compound 17a did not cause irritation in ocular tissues after repeated administration during seven days. In addition, repeated administration did not cause changes in body weights, intraocular pressure, or corneal thickness that would indicate a toxic reaction to the compound.
Conclusions
Two generations of new trivalent sialic acid derivatives have been designed, synthesized and evaluated against Ad37 infection of HCE cells. The design of these Ad37 inhibitors was based on the structural features of ME0322, a previously characterized trivalent Ad37 inhibitor, as well as on robust chemical reactions allowing the rapid access to the target compounds. Thus, in this study we set out to improve the potency of ME0322 by revising the linker strategy. First-generation ligands 11a and 11b efficiently prevented the attachment and infection of Ad37 virions to HCE cells while second-generation compound 17a was determined as the most potent inhibitor of Ad37 infection of HCE cells. In addition, the original lead potency was greatly improved. Co-crystallization of the trivalent sialic acids in complex with the Ad37 fiber knob allowed the unambiguous placement of the ligands and therefore confirmed a one-to-one binding mode between the compounds and the Ad37 fiber knob. However, ligand-receptor interactions originating from the linker and/or core fragment were not observed. In this study, we also explored the effect of an increased lipophilicity at the N-acyl moiety (12a and 12b). The trivalent ligands, albeit a great inhibitory potency, were less efficient in preventing Ad37 infection of HCE cells compared to their unmodified analogues (11a and 11b). The analysis of the Fig. 4 Binding of 11a, 11b, 12a, 12b, 17a and 17b to the Ad37 fiber knob (top view, a-f ). Simulated annealing omit difference electron density maps for 11a (a, 2.0 Å resolution, PDB ID 4K6T), 11b (b, 1.9 Å resolution, PDB ID 4K6U), 12a (c, 1.5 Å resolution, PDB ID 4K6W), 12b (d, 1.5 Å resolution, PBD ID 4K6V), 17a (e, 1.4 Å resolution, 4XQA) and 17b (f, 1.6 Å resolution, 4XQB) were contoured at 3σ and shown with a radius of 2.4 Å around the ligand (dark blue). For 17a (e), an additional map at 2σ shows an ordered density for the ligand base (cyan). One inhibitor molecule is simultaneously bound with its three terminal sialic acid residues. Serine 344 (Ser344) is within the van-der-Waals radius of the sialic acid moieties and only 17b (f) is capable of forming hydrogen bonds with this residue. Black dashed lines in a-e indicate distances to Ser344.
Ad37-inhibitor structures evidenced an unfavorable interaction between the additional methyl group and the target protein that could explain the lower potency of these compounds.
In conclusion, we have synthesized highly potent inhibitors against Ad37 infection to HCE cells. Compound 17a, the most potent inhibitor, was accessed using a straightforward synthetic route. Some advantages of such drugs are that (i) they can be used for topical treatment, which would overcome systemic treatment related challenges such as rapid serum clearance and poor cellular uptake of carbohydrate based drugs, (ii) their mechanism of action is on the extracellular level whereas most other antiviral drugs act intracellularly (minimizing side effects), and (iii) the active molecule is a normal carbohydrate (also minimizing side effects). Our investigation of ophthalmic toxicity in rabbits show that this type of trivalent sialic acids are well tolerated and thus have the potential to be developed into novel treatments of viral eye infections. and MeOH that were dried over molecular sieves 3 Å. All commercial reagents were used as received. ME0322 was synthesized according to published procedure. 21 All target compounds were ≥95% pure according to HPLC UV-traces. Statistics were calculated using GraphPad Prism (GraphPad Software, Inc, La Jolla, CA).
Experimental section

Synthetic procedures
General method for the glycosylation reaction. Glycosyl donor 1 or 2 (1.0 equiv.) and freshly crushed molecular sieves 3 Å (1.5 g mmol −1 ) were dissolved/suspended in a mixture of Fig. 5 (a) Superposition of the inhibitor compounds (11a = blue, 11b = cyan, 12a = yellow, 12b = orange, 17a = green, 17b = magenta). The corresponding protein chains were aligned in PyMOL. 17b possesses additional internal order, its sialic acid moieties are rotated sideward and its linker forms a bell-like structure; (b) and (c) hydrophobic interactions of 12a (b) and 12b (c). For the two compounds, the additional methyl group of the propionic acid group is facing away from Y308 and V322, pushing the whole ligand up.
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-ol, propargyl alcohol or 3-butyn-1-ol (4.5 equiv.) was added and the mixture was stirred for 2 h. The reaction was protected from light and a solution of silver triflate (2.0 equiv.) in CH 3 CN was added. The mixture was cooled to −73°C (−70°C < t < −75°C) and IBr (1.4 equiv., 1 M in CH 2 Cl 2 ) was added. The reaction was allowed to proceed for 4.5 h at −73°C. After completion, DIPEA (6.0 equiv.) was added. The reaction mixture was stirred for a further 30 min at −73°C and then allowed to warm to room temperature. The mixture was filtered through a Celite® pad, washed with CH 2 Cl 2 or CH 3 CN and the solvents concentrated to dryness. General method for the synthesis of azido derivatives. To the bromo derivatives (1.0 equiv.) dissolved in DMSO (40 mL mmol −1 ) were successively added portion-wise sodium azide (6.0 equiv.) and TBAI (2.0 equiv.). The reaction was allowed to proceed for 6 h at room temperature and under nitrogen atmosphere. After completion, the mixture was diluted with CH 2 Cl 2 , washed with water and brine, dried over MgSO 4 , filtered and concentrated to dryness. General method for the O-deacylation of sialosides. To peracylated sialoside (1.0 equiv.) dissolved in MeOH (70 mL) was added sodium methoxide (3.9 equiv.). The reaction was allowed to proceed for 3 h at room temperature and under nitrogen atmosphere. After completion, the solution was neutralized by drop-wise addition of glacial AcOH or by Amberlyst® 15. The solvent was then concentrated to dryness.
General method for the synthesis of the first generation of trivalent sialic acid derivatives. To the azido derivative (3.7 equiv.) dissolved in THF/H 2 O (1 : 1, 81 mL mmol −1 ) was successively added tripropargylamine (1.0 equiv.), CuSO 4 (0.9 equiv.) and sodium ascorbate (0.9 equiv.). The reaction was allowed to proceed at 50°C for 3-3.5 h and at room temperature for a further 18 h. After complete consumption of the starting azide, THF was evaporated under vacuum and the crude was freeze-dried. The crude solid was dissolved in DMSO and purified by HPLC (A: aq. 0.005% HCOOH in H 2 O, B: aq. 0.005% HCOOH in CH 3 CN, organic phase gradient 7% to 25%). The collected compound-containing fractions were freeze-dried to afford pure product. General method for the synthesis of the second generation of trivalent sialic acid derivatives. To a solution of tris (2-azidoethyl)amine (1.1 equiv.) dissolved in THF/H 2 O (1 : 1, 81 mL mmol −1 ) was successively added alkyne derivative (4.5 equiv.), sodium ascorbate (0.9 equiv.) and copper(II) sulfate (0.9 equiv.). The reaction was allowed to proceed at 50°C for 3-3.5 h and at room temperature for a further 18 h. After complete consumption of the starting azide, THF was evaporated under vacuum and the residue was diluted with distilled water and then purified with preparative HPLC (A: aq. 0.005% HCOOH in H 2 O, B: 0.005% HCOOH in CH 3 CN, organic phase gradient 5% to 20%/30 min.). The collected compound-containing fractions were freeze-dried to afford pure product.
General method for saponification of the methyl esters. To the trivalent methyl ester derivatives (1.0 equiv.) dissolved in MeOH (135 mL mmol −1 ) was added an aqueous solution of LiOH (1 M, 9.0 equiv.). The mixture was allowed to proceed for 9-44 h at room temperature. After completion, the reaction mixture was neutralized with Dowex 50W8 (H + ) or amberlite IR120. After filtration, the solvent was evaporated under vacuum and the crude, dissolved in water, was eluted on a C-18 plug with H 2 O. The compound-containing fractions were freeze-dried to yield pure trivalent sialic acid derivative. Tris (2-azidoethyl)amine (15) . A solution of triethanolamine (0.298 g, 2.0 mmol) in 0.5 mL of CHCl 3 was slowly added into a stirred solution of thionyl chloride (0.52 mL, 7.0 mmol) in 0.8 mL of CHCl 3 . After addition, the reaction mixture was heated to reflux temperature for 4 h. After cooling to room temperature the white solid product was filtered and washed with CH 2 Cl 2 (1.0 mL × 2) to give tris (2-chloroethyl)amine hydrochloride (0.395 g) in 82% yield after overnight drying under vacuum. Following, Tris (2-chloroethyl)amine hydrochloride (0.198 g, 0.82 mmol) and sodium azide (0.320 g, 4.92 mmol) were added to DMSO (7.0 mL). The resulting mixture was stirred at 92°C for 22 h. After cooling the mixture was poured into distilled water (40.0 mL) and the solution was alkalized with Na 2 CO 3 (10% aq.) to pH = 10, extracted with CH 2 Cl 2 (15.0 mL × 3). The organic phase was washed with water (20.0 mL) and then dried over Na 2 SO 4 . CH 2 Cl 2 was concentrated to 1 mL, and then 15.0 mL of THF was added, concentrated again to 1.0 mL, 15.0 mL of THF added and concentrated to 1.8 mL. This THF solution containing 0.8 mmol of tris (2-azidoethyl)amine was used in next step without further purification (note: compound 15 was judged as potentially explosive and was therefore kept in solution at all times).
1 H NMR (400 MHz, CDCl 3 ): δ 3.33 (t, J = 6.2 Hz, 6H), 2.76 (t, J = 6.2 Hz, 6H). ESI-MS m/z calcd for C 6 H 13 N 10 (M + H) + 225.13; found 225. 33 . 
Cell-binding assay
The assay was carried out essentially as described previously but with minor modifications. per well) in a 96-well microplate. After re-suspension, the mixtures were incubated at +4°C for 1 h. Finally, unbound virions were washed away with BB and the cell-associated radioactivity was counted by using a Wallac 1409 scintillation counter.
Infection assay
The assay was carried out essentially as described previously with minor modification. 16,33 6 × 10 6 non-labeled virions were added to serum free growth media (50 μL), with or without trivalent sialic acid derivatives, GD1a glycan or sialic acid at various concentrations. The resulting mixtures were then added to monolayers of HCE cells in a 96-well plate (3 × 10 4 cells per well) and incubated at +4°C. After 1 h, unbound virions were washed away with serum free growth media. Cells were then incubated with growth media containing 1% fetal bovine serum (FBS) at +37°C. After 44 h of infection, the cells were rinsed with PBS, fixed with cold (−20°C) 99% methanol for 10 min and incubated with rabbit polyclonal anti-Ad37 antibodies diluted 1 : 100 in PBS (pH 7.4) at room temperature. After 1 h, the cells were washed in PBS and incubated with swine antirabbit-IgG Alexa flour 647 secondary antibodies diluted 1 : 250 in PBS for 1 h at room temperature. Finally, the cells were washed in PBS and the number of infected cells was quantified in TROPHOS Plate RUNNER (immunofluorescence microscope).
Surface plasmon resonance (SPR)
The affinity measurements were performed using a surface plasmon resonance BIAcore T200 instrument. Ad37 knob proteins were covalently coupled to a CM5 sensorchip using the amine coupling kit (GE Healthcare), to a concentration of 14-15 ng mm −2 (∼15 000 RU). Binding of the trivalent sialic acid conjugates ME0322, 11a, 11b, 17a and 17b to the immobilized knob was performed in 10 mM HEPES, 0.15 M NaCl and 0.05% P20 pH 7.4 (1× HBS-EP+, GE Healthcare). The concentrations of trivalent sialic acid used were 400, 200, 100, 50 (twice), 25, 12.5 (twice), 6.25, 3.125, 1.56 and 0.78 μM. The experiment was performed three times for ME0322, 11a, 11b, 17a and 17b. The binding affinities (K D s) were calculated using BIAcore T200 evaluation software.
Protein production and structure determination
Expression and purification of Ad37 fiber knob protein were essentially carried out as described previously. 17 For co-crystallization Ad37 fiber knob trimers were concentrated to 13.0-14.4 mg mL −1 and then incubated with a 1.3 fold excess of the trivalent sialic acid conjugates 11a, 11b, 12b, 17a or 17b.
Co-crystals of Ad37-inhibitor complexes were grown following the approach described previously. 21 For complex production of Ad37-12a, Ad37 fiber knobs were soaked for 2 h in reservoir solution containing 2 mM conjugate 12a. Crystals were cryoprotected by using 29% (wt/vol) polyethylene glycol 8000, 50 mM zinc acetate, and 100 mM HEPES ( pH 6.9-7.2), then flash frozen in liquid nitrogen, followed by data collection on beamlines X06SA and X06DA at the SLS (Villigen, Switzerland) as well as MX-14-1 at BESSY (Berlin, Germany). Diffraction data were recorded with a Pilatus 6M (for 11a, 11b, 17a and 17b) and a Pilatus 2M-F (for 12a and 12b) pixel detector and processed with the XDS-software. 36 The structures of Ad37 in complex with 11a, 11b, 12a, and 12b were solved first by molecular replacement using Phaser 37 in CCP4 38 and the native Ad37 knob trimer ( pdb-code: 1uxe 35 ) as the search model. For the structures of Ad37 in complex with 17a and 17b, Molrep 39 was used for the same purpose. All conjugates were unambiguously placed in F co-crystallized/soaked − F native difference Fourier maps, incorporated into the model, and refined with restraints from either the Refmac5 40 or the PHENIX 41 monomer library and the PRODRG2 server 42 (for the ligand).
Structural refinement was carried out by alternating rounds of model building in Coot 43 and restrained refinement including a combination of isotropic B-factor refinement and the transition-libration-screw method (TLS) 44 with Refmac5 or PHENIX (for compound 17b). In the case of 17a, high resolution allowed for an anisotropic refinement of B-factors for all atoms in PHENIX. For TLS refinement, each protomer in the asymmetric unit was attributed to one TLS group (for Ad37-12a two TLS groups per protomer were used). In the case of 17b, PHENIX automatically assigned TLS groups. Waters were located with ARP/wARP 45 solvent in CCP4. Simulated annealing was carried out with PHENIX. The final models had excellent geometry. All figures were prepared with PyMOL. 46 Statistics on data collection and refinement are given in Table S1 † and the simulated annealing omit difference electron density maps for conjugates 11a, 11b, 12a, 12b, 17a and 17b are given in Fig. 4 .
Ophthalmic toxicity in rabbit
The experiment was performed in agreement with the EMEAguideline for local tolerance testing of medicinal products. 47 Compound 17a was dissolved in 0.9% aq. NaCl to a final concentration of 1 mg mL −1 . Six male New Zealand white rabbits were obtained and were allowed to acclimatize before start of the study. The animals were divided into two groups of three. The compound (1 mg mL −1 in 0.9% aq. NaCl) or vehicle (0.9% aq. NaCl) was administered topically in a volume of 40 μL hourly (4 administrations during Saturday and Sunday and 8 administrations during weekdays; 5 × 8 + 2 × 4 = 48 administrations in total) in both eyes during seven days. Before the first administration, day 2, and at day 8 the animals were subjected to body weight recordings, slit lamp examinations, intraocular pressure, and pachymetry measurements under local anesthesia. The study was performed at Adlego Biomedical AB (Uppsala, Sweden) with approval of the local animal ethics committee in Stockholm (N169/14).
